In this report we present a survey of the current knowledge of the transport properties of concrete. 
IMPORTANCE OF TRANSPORT PROPERTIES TO THE SERVICE LIFE AND UTILITY OF CONCRETE
Concrete is one of the most widely used building materials in the construction of the nation's infrastructure [1 ,2] including highways, bridges, water supply and sewage systems, harbors, locks, dams, tunnels and buildings. Over 500 million tons of concrete are produced in the United States each year of which a significant fraction is used for repair and rehabilitation rather than new construction. The service life and utility of concrete strongly depends on its transport properties (i.e. permeability, sorptivity and chloride permeability). For example, concrete is a building material with potential use for long term storage of hazardous substances such as nuclear and toxic wastes. In such applications it is essential that concrete have a very low permeability. On the other hand, it has been suggested that very low permeability highperformance-concrete (HPC) may have serious deficiencies as a building material due to possible spalling [3, 41 when subject to high temperatures resulting from fires. Although concrete is commonly thought of as a static or unchanging material, it is, over the typical service life of a structure, a dynamical changing composite material which may undergo considerable degradation. The ingress of potentially deleterious materials such as chlorides, sulfates and water by diffusion and capillary transport can lead to the corrosion of steel reinforcement or a reduction of strength due to cracking by frost or sulfate attack. Clearly, a variety of transport mechanisms play an important role in the degradation of concrete and must be better understood to mitigate such processes.
NEED FOR STANDARD TEST MEASUREMENTS
Depending on its mix design, preparation and environmental exposure, concrete's material properties can be highly variable. Thus it is of great importance to the construction industry to have standards regarding the processing and the quality assessment of concrete.
in order to make assessments of the quality and condition of materials, standard experimental test methods are needed to measure key transport properties such as permeability to fluids, sorptivity and the diffusion of ions. Without standard measurement methods it is difficult to develop objective criteria needed for the prediction and assessment of the service life of concrete as a construction material and barrier.
Presently It is comprised of a variety of phases with diverse material properties, For simplicity we may think of concrete as composed of cement paste, sand and aggregate ( fig. 1 ). Each phase can be characterized by a different length scales which corresponds to a typical pore diameter, the size of which spans over many decades ranging from nanometers to millimeters in concrete.
Let us first consider the cement paste, At the smallest scale, cement paste is largely composed of a calcium silicate hydrate (C-S-H) gel which is comprised of nanometer size C-S-H particles and pores. At the micrometer scale, the cement paste appears as a composite of hydrated products, unhydrated particles and capillary porosity. At the millimeter scale and larger, the cement paste and aggregate (sand and stones) form a composite material which, in addition, may contain air voids (at the millimeter scale). Another feature that may be present in concrete is the so-called interracial zone. The interracial zone is a region of order 10-40 micrometers near the cement paste/aggregate boundary where there is an increase of porosity. The increase of porosity is probably a result of an inability of cement particles to densely pack near the paste/aggregate boundary, The interracial zone can dramatically enhance the transport properties of concrete, For instance, when there is a large volume fraction of aggregate, it is easy for the interracial zone to percolate through the system forming a highly permeable path. 
K~is the hydraulic permeability in units of m/s, A is the cross-sectional area of the porous medium, h is the head of water in meters, and L is the length of the sample. Explicitly, K~= Kpg/#, where P k the density of water, g the gravitational constant, and z the water viscosity. To convert K~to K (from units of m/s to m2 ) K = K~xl 0-7 for water.
Several methods are used to measure permeability.
In one method, borrowed from soil hydrology [8], a head of water is placed above the concrete specimen and then the height of the head is monitored overtime to determine the volumetric flow through the concrete.
Correcting for evaporation, the permeability is determined by Darcy's law. Due to the low permeability of concrete, this method's main drawback is that it may take weeks or longer to obtain sufficient flow to determine permeability, especially in the case of HPC with low w/c ratio. Also, in newly formed concrete, hydration may be taking place at a significant rate so that the permeability is changing as the measurement is made.
To shorten the time of measurement, an additional pressure may be applied by a piston-driven device which pushes the fluid through the concrete. 
where, for a saturated porous medium subject to both a potential drop and a pressure drop, J. and J~are the electric and fluid currents respectively, G, is the conductivity, @e is the electrical potential and LIZ is a constant with LIZ= L21. By properly adjusting the electrical potential and pressure such that J, and J~are equal to zero we, obtain
so that G1/G2 = k/(flo, 
where s is the specific surface (pore surface area divided by the total volume of the porous medium). The role of the specific surface is to properly scale permeability data obtained from porous media characterized by different intrinsic length scales, For instance the resealing (or magnification) of a porous medium by a factor of n will preserve its porosity but change the permeability by a factor of n2 (s decreases by a factor of n), For some relatively homogeneous materials, such as glass bead packs, the Kozeny-Carmen relation works well. As an brief overview of the RG procedure, suppose that a material has a permeability that is a function of position, If one samples different regions in the material, the measured local permeabilities will form a distribution. Now, assume that a set of nearby permeabilities can be replaced by a single effective permeability which is representative of that region. The new set of permeabilities for the entire porous medium, formed in this way, will now have a narrower distribution. Assuming that this coarse graining process can take place ad infinitum, the distribution of permeabilities will become infinitely narrow.
At this so called fixed point a reasonably good estimate of the bulk permeability should be obtained. This difference can become substantial as porosity is decreased. As a result, air permeability is not likely to be reliable predictor of water permeability for the case of HPC. In addition, air permeability measurements entail the drying out of the sample, which may lead to shrinkage and cracking, hence producing higher values of permeability.
AIR PERMEABILITY
On the other hand it may be useful to study the air permeability of partially saturated concretes since, in general, concrete is neither fully saturated or unsaturated.
ON-SITE CHARACTERIZATION OF CONCRETE PERMEABILITY
Over the course of a concrete structure's lifetime various degradation processes may take place which will affect the material properties such as strength and permeability. 
where $ is the porosity, S is the degree of saturation, Q is the density, F is a source or sink term, q is the volumetric flux, and ct is a label corresponding to the fluid (liquid or gas). To derive the square root of time scaling factor, we will present the following simple argument. Assume that a porous medium is saturated from the inlet to some internal distance x. For simplicity, we will assume that the macroscopic front is flat and that the region invaded is fully saturated.
The volumetric flux is given by a general
The capillary pressure across the air water interface in a pore is given by the Laplace formula: 
DIFFUSION
To predict the durability and make quality assessments of HPC it is crucial that the diffusive transport of ions in HPC is well understood. In this section we will review basic concepts concerning diffusive transport and discuss a variety of methods used to measure the diffusivity of ions or molecules in concrete.
FICK'S FIRST AND SECOND LAW
The diffusion of ions or molecules is the result of their random motion in a medium, As a ion or molecular species diffuses there is a tendency for it to move from regions of higher concentration to regions described by Fick's first law [ In making direct measurements of conductivity care must be taken in accounting for the impedance of the electrodes.
A sufficiently large voltage drop may be needed to reduce this effect. Another approach to reducing the effects of polarization would be to use a multi-probe set-up (three or four probes) when measuring conductivity. With three dimensional X-ray micro-tomography images available it should be possible to carry out transport calculations such as diffusion and sorption on realistic microstructure.
Further, by properly tagging an entering material it should be possible to experimentally verify simulation methods for use in modeling the degradation of cement-based materials.
.
RECOMMENDATIONS FOR FUTURE RESEARCH
A careful analysis of diffusive and capillary transport in conventional and high performance concrete is needed since they are the primary transport mechanisms in concrete.
Both experimental and theoretical studies are needed to provide a database and improve our understanding of these transport mechanisms. Also, diffusion in a partially saturated porous media needs to be better understood in order to make more reliable estimates of the service life concrete. Experimental methods need to be evaluated to determine the appropriate procedure for measuring transport properties. This research should lead to the development of new standard test methods to evaluate the transport properties of concrete. In order to better predict the service life of concrete it is also important to directly relate transport to degradation processes by comparing the ingress of materials over time with, for example, the strength of the concrete.
8, CONCLUDING REMARKS
In summary, we have presented a review of the current knowledge of transport in concrete.
Due to its microstructural complexity, the understanding of transport in concrete is of fundamental interest and remains a great challenge.
Results from the research of concrete's transport properties should increase its utility and lead to better estimates of its service life. The development of standard test methods to measure transport in concrete will help lead to more objective criteria for its quality assessment, Ultimately, progress in concrete research will lead to the reduction of costs in the building and rehabilitation of concrete structures and increase their service life. 
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